It is not known how glutamate released synaptically in the outer plexiform layer of the retina is inactivated. Since there is no extracellular enzymatic degradation, glutamate released from photoreceptors iis taken up intracellularly by at least one of the three transporters known, and metabolized by a glutamate degrading enzyme. In order to elucidate which of the transporters and enzymes are involved in this process, immuno-electron microscopy was carried out on retinal sections of adulll albino rats, applying antiserum against either glutamine synthetase (GS) or Lglutamate-L-aspartate transporter (GLAST). Both stainings revealed immunoreactivity in Miiller cells and particularly in their processes tightly ensheathing rod photoreceptor terminals. Thus, although this remains to be tested functionally, transmitter uptake and subsequent degradation at photoreceptor terminals might be preferentially controlled by GLAST and GS expressed in the fine Miiller cell processes.
INTRODUCTION
Vesicular release of glutamate from photoreceptor terminals is higher in the absence of light stimulation. When photons are absorbed by photoreceptors their glutamate release is reduced. This causes a depolarization of ON-bipolar cells and a hyperpolarization of OFFbipolar cells (Dowling & Ripps, 1973) . Rapid clearance or diffusion of glutamate from the synaptic cleft, i.e. from the rod spherule or cone pedicle is, therefore, an essential requirement for transmi,;sion of short pulses to second order neurones, and for fast onset of the light response.
The fate of extracellular glutamate is largely determined by two processes: its uptake and its subsequent intracellular enzymatic conversion. Glutamate may be removed by pre-and/or postsynaptic neurones or by the surrounding glial cells. The question of the cell type involved in glutamate uptake is linked to that of the transporter mediating it. There are three distinct, high affinity transporters which have been cloned: "glutamate transporter-l" [GLT-1; Pines et al. (1992) ]; "L-glutamate-L-aspartate transporter" [GLAST; Storck et al. (1992) ]; "excitatory amino acid transporter 1" [EAAC 1, Kanai & Hediger (1992) ]. So far, the cellular localization of only GLT-1 in the rat and macaque retina has been shown (Rauen & Kanner, 1994) , and it has been found in cones and cone bipolar cells. A further question is the cellular localization of enzymes which possibly metabolize glutamate from the transmitter pool rather than from intermediary metabolism (Kugler, 1993) . Briefly, these are aspartate aminotransferase (AAT) in photoreceptors and (not all) horizontal cells (Gebhard, 1991) , glutamate dehydrogenase (GDH) in photoreceptor inner segments and Miiller cells (Gebhard, 1992) , and glutamine synthetase (GS) in Miiller cells (Riepe & Norenberg, 1977) .
The aim of this study was to determine which cells and which of these transporters and enzymes may be involved in the removal of glutamate released from photoreceptor terminals. I studied the immunocytochemical localization of one of the transporters (GLAST) and of a glutamatemetabolizing enzyme (GS). Although further hypotheses remain to be tested, the present results would support the idea that glutamate released by photoreceptors is taken up and subsequently converted to glutamine by GLAST and GS, respectively, both localized in Miiller cells.
METHODS
Six albino rats of either sex were decapitated after ether-induced respiratory arrest. The eyes were enucleated and, after removal of the anterior part by a cut along the ora serrata, immersion-fixed for 2 hr. The fixative contained 4% paraformaldehyde and 1 or 0.5% glutaraldehyde in phosphate buffer (PB, pH 7.4) for immunocytochemistry with anti-GS or anti-GLAST, 3875 3876 A. DEROUICHE FIGURE 1. Immunocytochemical detection of L-glutamate-L-aspartate transporter (GLAST) (A) and glutamine synthetase (GS) (B) in the outer plexiform layer of 40 #m vibratome sections. In both specimens, there is a conspicuous density of immunoreactivity in this layer (arrows). Only in the anti-GS staining (A), however, can the immunonegative, presumptive rod spherules be recognized; they are each embedded in MOiler cell cytoplasm (arrows). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bars: 10 gm.
respectively. Vertical vibratome sections 40 #m thick were incubated for 30 min in 3% H202, 10% methanol in PB to block endogenous peroxidases, followed by a 30 min incubation in 1% NaBH4 in PB (Kosaka et al., 1986) to reduce aldehyde-induced, non-specific antibody binding. The specific rabbit antisera used for immunostaining were kind gifts from Dr B. Hamprecht, Tiibingen, Germany (anti-GS) and from Dr W. Stoffel, Cologne, Germany (anti-GLAST); they have previously been tested for specificity (Derouiche & Rauen, 1995; Hallermeyer & Hamprecht, 1984) . Immunolabelling was performed by pre-incubation for 30 min in 10% normal goat serum in PB, incubation in primary antiserum (1:2000, overnight in 1% goat serum in PB at 4°C), reaction with biotinylated goat-anti-rabbit antiserum (Vector, Burlingame, CA; 1:500 in PB), and binding of avidin-biotin complex [Vector; Hsu et al. (1981) ]. For control sections, the primary antiserum was omitted from the protocol. Immunoreactivity was visualized by diaminobenzidine (DAB) which was subsequently silverintensified to yield a precipitate with very high electron density, according to a modified version of the protocol of Gallyas and Stankovics (1987) as described by Derouiche and Frotscher (1991) . The silver grains were stabilized by gold chloride (Fair6n et al., 1977) . The sections were then dehydrated, block stained in 1% uranyl acetate in 70% ethanol and finally fiat embedded for light microscopic documentation and subsequent preparation of ultrathin sections. These were contrasted by lead citrate and uranyl acetate and examined at magnifications up to 30 000x.
RESULTS
No DAB precipitate or silver grains were observed in control specimens. In sections immunolabelled with anti-GLAST antiserum, Mtiller cells were labelled along with the full extent of their thin, protoplasmic processes [ Fig.   I(A) ]. In the outer plexiform layer, staining was dense [ Fig. I(A) ], but the fine Mtiller cell processes known to surround photoreceptor terminals could not be discerned. The perineuronal extensions in the inner nuclear layer and the horizontal processes in the inner plexiform layer were labelled, as were the vertical inner and outer processes. The Mtiller cell soma could not be identified as easily as in the heavily stained GS-immunoreactive specimens shown in Fig. I(B) . In general, details appeared more clearly outlined in GS than in GLASTimmunoreacted sections; this might be related to the amount of antigen present or to the fact that GLAST may be primarily membrane bound in contrast to the cytoplasmic enzyme GS (Salganicoff & De Robertis, 1965) . In particular, in the GS-immunoreactive specimens, the fine glial processes in the outer plexiform layer were stained; they embrace immunonegative structures, presumably rod spherules [ Fig. I(B) ].
In summary, the overall staining in retinal sections immunoreacted with anti-GS was more intense than in those reacted with anti-GLAST; the staining pattern was very similar in both [ Fig. I(A and B) ].
The ultrastructural investigation focused on the relationship of immunoreactive profiles to photoreceptor terminals in the outer plexiform layer. GLAST-immunoreactivity was localized in Miiller cell processes around photoreceptor terminals. These processes were tightly apposed to the terminals, in particular to rod spherules; they fully surrounded the spherules leaving only a pore at the inner pole for the neuronal processes entering it [ Fig. 2(A) ]. This tight apposition of Mtiller cell processes seems to apply also to cone pedicles, which are encountered only occasionally in the outer plexiform layer in the rat. Thus, the single spherule is isolated from the surrounding neuropil by GLAST-IR glial processes. The observations with anti-GS in this retinal layer were similar; every rod spherule was surrounded by fine MiJller cell processes containing immunoreactivity [ Fig.   2 (B), cf Fig. I(B) ]. Where neuronal processes enter the spherule, GS-IR glial processes establish a tight cuff around them [ Fig. 2(B) ] so that the spherule interior is sealed off.
DISCUSSION
The present light-and electron microscopic observations have demonstrated GLAST-IR in Miiller cells, in particular in their processes around photoreceptor terminals. These somata and processes also contained GS-IR. These data cle, arly demonstrate that highly efficient mechanisms for both glutamate uptake and degradation are present in the immediate vicinity of the photoreceptor terminal.
Thus, inactivation of transmitter glutamate in the outer plexiform layer might be accomplished by GLAST and GS. The finding that, in the rabbit, the glutamine of some retinal neurones is solely derived from Mialler cells (Pow & Robinson, 1994 ) also indicates a key role of GS contained in Miiller cells. Similar morphological hints have suggested that GS also metabolizes transmitter glutamate in the brain (Derouiche & Frotscher, 1991) where this enzyme is similarly restricted to glial cells. The concept that glutamate is cleared from the extra-cellular space in the photoreceptor terminal only after leaving it by diffusion is feasible in the light of the morphometrical findings of Vandenbranden et al. (1996) , in the goldfish. These authors calculated that transmitter diffusion from the photoreceptor terminal is not a limiting factor if related to the time scale of the light responses of second order neurones.
Re-uptake of glutamate into photoreceptors of the tiger salamander, however, has been demonstrated recently (Werblin et al., 1995) , and another glutamate transporter (GLT-1) is expressed by cones and cone bipolar cells in the rat (Rauen & Kanner, 1994) . In addition, the retinal localization of the third high-affinity glutamate transporter known (EAAC 1) has not been investigated. Concerning the physiological role of GLAST and GS in the outer retina, the present findings, therefore, have to be considered in the light of the differential cellular localization of at least two glutamate transporters in the retina.
In conclusion, it has been shown that GLAST-IR is localized in Miiller cells and particularly in their processes surrounding photoreceptor terminals. These processes are also immunoreactive for GS. Thus, the present data are consistent with the hypothesis that glutamate released from photoreceptor terminals is taken up and metabolized by Miiller cells, which, however, needs to be further substantiated.
